Purpose: Lynch syndrome (LS) is a hereditary cancer disorder characterized by increased lifetime risk for various cancers. Colorectal cancer (CRC) is the most common cancer in LS. Germline testing of mismatch repair (MMR) genes is required for definitive diagnosis of LS. The purposes of this study was to report the results of the mutation analysis of MMR genes using targeted next generation sequencing (NGS) in patients with CRC for providing benefits to the diagnosing and management of LS as the first study from Turkey, to our knowledge.
INTRODUCTION
before the youngest age of diagnosis. For screening of EC and ovarian cancer, pelvic examination with endometrial sampling and a transvaginal ultrasound are recommended annually. It should be started starting at 30-35 years of age. If a patient with LS is a woman and 40 years of age or has finished childbearing, prophylactic hysterectomy and bilateral salpingo-oophorectomy should be considered. Before taking this decision, this subject should be evaluated in detail by the gynecologic oncologist and the case of LS. A baseline esophagogastroduodenoscopy (EGD) with gastric biopsy of the antrum is recommended for screening gastric and duodenal cancer starting at age 30-35 years. Following this, it is stated that every 2-3 years, the case can be evaluated based on risk factors.
In this study, we emphasize the importance of diagnosing LS in patients with CRC and to determine the frequency of pathogenic variants in MMR genes by targeted next generation sequencing (NGS). This technology provides simultaneous analysis of multiple genes at a comparable cost to Sanger sequencing.
METHODS Patients
A total of 28 patients (male:9, female: 19) diagnosed with CRC were referred to the Genetic Diagnostic Center between 2016 and 2017 years by medical oncologist for evaluating in terms of LS. All patients were underwent genetic counseling. Hampel and colleagues' recommendations were taken into consideration for evaluating LS (2) . It was decided to perform molecular tests of MLH1, MSH2, MSH6, EPCAM genes in all patients. In addition, the probability of each patient carrying a germline mutation in MMR genes was calculated using PREMM 5 prediction model (7) .
Ethics committee approval was received for this study as a retrospective study and informed consent was obtained from all patients studied. 
Isolation of genomic DNA

NGS Data Analysis
Firstly, 'SEQ software' (Genomize, İstanbul, TURKEY) was used for analyzing the raw data according to the reference genome of GRCh37. The minimum coverage-depth was 100X in all target regions. In addition, Integrative Genomics Viewer (IGV) software was used for evaluating the reads (8-9).
Secondly, variants were detected based on minimum 5X coveragedepth per allele and then they were filtered by the following criteria:
1. Variants that had all submissions as Benign (B)/Likely Benign (LB) in ClinVar database were excluded, and 2. Variants that had allele frequency >5% in any population databases (1000Genomes, ExAC, ESP) were excluded, and 3. Variants that were in the coding and intronic regions were included.
Finally, filtered variants were interpreted based on ACMG Standards and Guidelines recommendations (10) . Ensembl, dbSNP, ClinVar, PubMed, InSiGHT locus-specific database, LOVD (Leiden Open Variation Database), Human Gene Mutation Database (HGMD) and ExAC, ESP, 1000Genomes population databases, PREMM 5 prediction model and in silico prediction tools were used for interpreting variants (11) (12) (13) (14) (15) .
Confirmation analysis
The pathogenic or likely pathogenic variants revealed by the NGS analysis were confirmed by performing Sanger sequencing on ABI PRISM 3500 DNA analyzer (Applied Biosystems, Foster City, CA, USA).
Multiplex ligation-dependent probe amplification analysis (MLPA) SALSA® MLPA® probemix P003-D1 (MLH1/MSH2/EPCAM) and P072-C1 (MSH6) kits (MRC-Holland, Amsterdam, The Netherlands) were used for MLPA analysis in patients who had no pathogenic or likely pathogenic variants in NGS analysis. The Coffalyser software (MRC-Holland, Amsterdam, The Netherlands) was used for interpreting the MLPA data.
RESULTS
A total of 9 variants were identified in 9 of 28 patients (32%; 9/27) ( Table 1 ). Of those, 6 variants (2 in MSH2, 4 in MLH1) were identified by NGS and were confirmed by Sanger sequencing. Three of 9 variants (2 in MSH2, 1 in MSH6) were identified by MLPA. A total of 5 variants were assessed as novel (2 in MSH2, 2 in MLH1, 1 in MSH6) in this study. All of 9 variants were found to be heterozygous. Any variants as "variant of uncertain significance" (VUS) were not found in this study.
The mean age at diagnosis for all patients was 44.9 years (range 19-70 years). The mean age of 9 patients who had pathogenic/ likely pathogenic variants at diagnosis was 44.1 with a range of 19-70 years. Family histories and pathologic features of patients with identified variants were listed in Table 2 .
DISCUSSION
The most common cause of hereditary colon cancer is Lynch syndrome (1) . The majority of the patients have mutations in MLH1 and MSH2 genes. CRC observed in LS occurs at an earlier age than sporadic CRC. The adenoma carcinoma progresses more rapidly in LS compared with sporadic CRC (35 months versus 10 to 15 years). However, the overall 10-year survival from CRC in LS is high (91 percent) (16). A total of 9 variants were identified in this study (Table 1 ). Of those, 5 variants were evaluated as novel variants (2 in MSH2, 2 in MLH1, 1 in MSH6). Two variants in MSH2 gene were frameshift variants. The first variant was found in-patient 4 who had breast cancer and CRC (Figure 1 ). Immunohistochemistry testing (IHC) could not be performed because tumor tissue was not available. It was a single nucleotide insertion. This variant affected the 706. amino acid position. The second consisted of 14 nucleotide deletions affecting 807. amino acid position. It was found in-patient 7 who had separate CRCs. His IHC testing resulted in MLH1(+), MSH2(-), MSH6(-), PMS2(+). These variants in MSH2 were evaluated as "pathogenic". We identified 2 novel variants in MLH1 gene. The first was a frameshift variant that was composed of one nucleotide deletion affecting the 523. amino acid position (patient 3). It was interpreted as "pathogenic". Tumor tissue was not available so IHC could not be performed. The second was an in-frame variant that was consisting of 5 nucleotides deletion and 26 nucleotides insertion. It was found in-patient 9 who had ovarian cancer and CRC. Her IHC testing resulted in MLH1(+), MSH2(+), MSH6(+), PMS2(+). Intact expression of all 4 proteins indicates that MMR enzymes tested are intact but does not completely exclude LS (17) . This variant was evaluated as "likely pathogenic". One novel variant was found in MSH6 gene. It was a large deletion encompassing exons 1-5, which includes the initiator codon. The 5' end of this deletion was unknown as it extends beyond the assayed region for this gene. The 3' end of it was likely confined to intron 5 of the MSH6 gene. We could not find this variant in the literature but there was a gross deletion variant that encompassing exons 1-6 of the MSH6 gene was determined as pathogenic in ClinVar database (ClinVarID:455067). This large deletion (exons 1-5) may disrupt the protein product and impact MMR function. Therefore, we evaluated it as novel "pathogenic" variant. All of 5 novel variants were not found in ESP, 1000Genomes and ExAC population databases.
A total of 4 variants were evaluated as known. Two of them were found as the same [MLH1:NM_000249:c.109G>A(p.Glu37Lys) (Exon1) Heterozygous]. It was found in-patient 1 who had CRC (53 years age at diagnosis), EC (59 years) and gastric cancer (61 years). Her brother and sister had CRC. Their ages were at diagnosis 38 and 45 years respectively. The other patient (patient 2) had a CRC (34 years). Her father had a CRC (63 years). This variant appears to be located in ClinVar database as variant of uncertain significance (VUS) (ClinVarID:89640). But this variant is not present in any population databases. It has been observed in patient with EC suspected LS (45 years at diagnosis) (PMID:18415027) and with ovarian cancer suspected LS (45 years at diagnosis) (PMID:27435373). In addition, experimental studies have shown that this missense change that affected the functional domain (ATPase domain) results in a mislocalized protein with decreased binding to PMS2 and decreased the DNA mismatch repair activity in vitro (PMID:22753075, 20020535). Therefore, we evaluated this variant as "likely pathogenic" based on all these data.
Although several studies have been reported in the literature regarding the genetic analysis of MMR genes in patients with CRC, we could not detect any NGS studies in Turkish patients with CRC to compare with our study. However, Tunca et al (18) performed a molecular analysis of MLH1 and MSH2 genes in 9 of 28 Turkish patients with CRC by using Sanger sequencing and MLPA methods. The patients ranged in age from 25 to 49 at diagnosis (mean at 39.2 years). They found 4 germline mutations in MLH1 gene and 5 in MSH2 (32.1%; 9/28). In our study, we found 9 variants (4 in MLH1, 4 in MSH2, 1 in MSH6) (32%; 9/28) whose mean age at diagnosis were 44.1 (range 19-70 years). There were studies reported from different country. For example, H. Ziada-Bouchaar et al (19) investigated variants in MSH2, MLH1, and MSH6 genes in 21 unrelated Algerian patients with CRC (13 males and 8 females) by performing sequence and MLPA methods. The mean age of at diagnosis was 37.9 years (range 25-57). They (N=3). They found 25 variants in 32 patients as heterozygous and homozygous. In our study, we found all variants as heterozygous state. They revealed 9 pathogenic and 16 VUS variants (12 in MLH1, 7 in MSH2, 5 in MSH6, and 1 in PMS2). We did not find any variants as VUS. In addition, they found variants in MSH2, MLH1 and EPCAM genes in 8 patients (12.3%) by MLPA. In our study, we found 3 variants that had large deletion (33%; 3/9). Alqahtani et al. (21) carried out molecular analysis of MLH1, MSH2, MSH6 and PMS2 genes by NGS and MLPA in 13 of 33 Saudi patients with CRC <60 years at diagnosis. Nine variants were found (4 in MLH1 and 5 in MSH2) as pathogenic or likely pathogenic in 9 of the 13 patients (69%). One of 9 variant was found in MLH1 gene by MLPA. We did not detect a variant in MLH1 gene by MLPA. Sghaier et al. (22) performed NGS analysis of MMR genes in 11 of 32 Tunisian patients with early onset CRC and/or a positive family history. They identified 6 variants (5 in MLH1 and 1 in MSH2) in 6 of 11 cases (55%).
In conclusion, it is significant to identify germline pathogenic/likely pathogenic variants in MMR genes in patients with CRC suspected with LS for definitive diagnosis. This is the first study to reveal the mutation frequency of MMR genes using the NGS method in Turkish patients with CRC as an experience of a single center to our knowledge. However, further studies are needed in larger groups.
